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B-Raf and C-Raf kinases have emerged as critical
players in melanoma. However, little is known about
their role during development and homeostasis
of the melanocyte lineage. Here, we report that
knockout of B-raf and C-raf genes in this lineage
results in normal pigmentation at birth with no defect
in migration, proliferation, or differentiation of mela-
noblasts in mouse hair follicles. In contrast, the
double raf knockout mice displayed hair graying
resulting from a defect in cell-cycle entry of melano-
cyte stem cells (MSCs) and their subsequent deple-
tion in the hair follicle bulge. Therefore, Raf signaling
is dispensable for early melanocyte lineage develop-
ment, but necessary for MSC maintenance.INTRODUCTION
B-Raf and C-Raf protein kinases are activated downstream of
membrane bound receptors through their recruitment at the
plasma membrane by binding to Ras proteins and play a crucial
role in cancer development (Wellbrock et al., 2004; Heidorn et al.,
2010). Mutation of B-Raf or its upstream activator N-Ras in
cutaneous melanoma proved to be an early driving event during
melanoma progression (Wellbrock et al., 2004). Wild-type B-Raf
and C-Raf proteins also play specific and complementary
functions in non-B-Raf mutated tumors (Heidorn et al., 2010).
Little is known, however, about their physiological role during
normal development and homeostasis of the neural crest-
derived melanocytic lineage.
Melanoblasts exit from the neural folds and migrate to the
developing hair follicles where they segregate into two popula-
tions: the melanocyte stem cells (MSCs) localizing in the bulge/
subbulge area and the mature differentiated melanocytes in
the bulb (Nishimura et al., 2002; Steingrı´msson et al., 2006;
Tanimura et al., 2011). In the adult mouse skin, melanocytes
aremostly confined to the bulb of hair follicles, which periodically774 Cell Reports 2, 774–780, October 25, 2012 ª2012 The Authorsregenerate by undergoing repetitive cycles of growth
(anagen), regression (catagen), and relative quiescence (telogen)
(Schneider et al., 2009). During each hair cycle, the lower
transient portion of the follicle including the bulb is regenerated,
whereas the upper permanent portion containing the bulge
remains intact. During catagen, the melanocytes of the bulb
die from apoptosis. De novo production of melanocytes occurs
from the MSCs of the bulge, which undergo cell division to
give rise both to a new MSC and to a melanoblast (Nishimura
et al., 2002). However, the extracellular signals regulating MSC
cell-cycle entry during early anagen remain unknown. In mouse
skin, a large proportion of MSC niches are Kit independent
(Nishimura et al., 2002). In contrast, stem cell factor (SCF)/Kit
signaling is required for melanoblast migration, survival, and
differentiation not only during early development of the melano-
cyte lineage but also in successive hair cycles (Mackenzie et al.,
1997; Nishimura et al., 2002; Wehrle-Haller and Weston, 1995).
Mitf has been proposed as a nuclear target of Kit signaling.
Mice carrying mutations in this transcription factor display
phenotypes that strongly overlap with those of Kit and SCF
mutant mice (Steingrı´msson et al., 2006). In melanocyte cultures,
Mitf activity is regulated by phosphorylation mechanisms
mediated by the mitogen-activated protein kinase (MAPK)/
extracellular regulated kinase (ERK) pathway in response to Kit
stimulation (Wu et al., 2000), but the physiological relevance of
this regulation has been challenged by genetic studies (Bauer
et al., 2009; Bismuth et al., 2008).
Given the key role of B-Raf and C-Raf in melanoma and the
presumed role of the Raf/ERK pathway as a link between Kit
and Mitf, we investigated the physiological functions of these
two kinases in the mouse melanocyte lineage. Surprisingly,
double-knockout animals in which ablation of both B-raf and
C-raf genes was restricted to this lineage displayed normal
pigmentation at birth and did not show significant defect in
proliferation, migration, or differentiation of melanoblasts in the
developing hair follicles. Following the first hair molting, how-
ever, 100% of the double-knockout mice unveiled a coat color
phenotype characterized by progressive hair graying resulting
from a defect in cell-cycle entry of MSCs and their subsequent
depletion in the hair follicle bulge. Taken together, these results
Figure 1. B-Raf and C-Raf Are Not Required
for Melanocyte Lineage Early Development
(A) Mutant (B-raf f/f;C-raf f/f;Tyr::Cre/;Dct::LacZ/)
and control (B-raf f/f;C-raf f/f;Dct::LacZ/) littermate
mice during the first hair cycle at different stages of
postnatal development.
(B) X-gal staining of representative histological
sections of mutant and control mice skin at P10
(DP, dermal papilla).
(C) ERK is not activated in mouse skin embryonic
melanoblasts. Immunostaining of skin frommutant
(B-raf f/f;C-raf f/f;Tyr::Cre/;Z/EG/) and control
(B-raf +/+;C-raf +/+;Tyr::Cre/;Z/EG/) E15.5 embryos
with anti-phospho-ERK and anti-GFP antibodies.
GFP+ melanoblasts are indicated with white
arrowheads. Examples of nuclear P-ERK-positive
keratinocytes are indicated with open arrowheads
(>30% of keratinocytes were P-ERK+;2 3 103
cells counted from two control and two mutant
embryos). No P-ERK signal could be detected in
melanoblasts (80cells counted fromtwocontrol and
two mutant embryos). Double GFP/P-ERK labeling
below the epidermis (ep) corresponds to nonspe-
cific autofluorescence signal. Scale bars 50 mm.
See also Figures S1, S2, S3, and S4.showed that Raf signaling is required for proper MSC mainte-
nance, but dispensable for early melanocyte lineage develop-
ment. In addition, they revealed an unexpected uncoupling of
Kit and Raf signaling in the melanocyte lineage.
RESULTS
Raf/ERK Signaling Is Dispensable for Early Melanocyte
Lineage Development
Double B-raf f/f;C-raf f/f conditional knockout mice were crossed
to the Tyr::Cre transgenicmice, in which the Tyrosinase promoter
is active from embryonic day E10.5 to adulthood (Delmas et al.,
2003) and to Dct::LacZ reporter mice to trace all the cells fromCell Reports 2, 774–780,the melanocyte lineage (Mackenzie
et al., 1997). During the first 3 weeks of
life, mutant animals were indistinguish-
able from controls and displayed a normal
first cycle of hair pigmentation without
coat color alterations (Figure 1A). The
distribution of melanocytic cells in the
follicular epidermis of knockout animals
was investigated at different stages of
the first hair cycle. At P4, LacZ+ cells
were present both in the bulb and in the
bulge of the developing hair follicles,
which all contained a pigmented hair
shaft (Figure S1B). During the anagen
stage at P10, the presence and localiza-
tion of LacZ+ cells in the pigmented hair
follicle of mutant and control animals
were comparable (Figure 1B). At the
telogen phase (P21) when the transient
portion of the follicles has regressed,LacZ+ MSCs were present in the bulge of mutant animals (Fig-
ure S1C). These observations suggested that ablation of both
B-raf and C-raf genes did not prevent melanoblast migration
from the neural tube and their homing in the skin. Accordingly,
the number and location of melanoblasts were identical in
mutant and control E13.5 embryos and BrdU-labeling ex-
periments did not show melanoblast proliferation defects (Fig-
ure S2). These results indicated that embryonic melanoblast
migration and proliferation were not impaired. Therefore, coin-
activation of B-raf and C-raf does not prevent either melano-
blast proliferation and migration to the developing hair follicles,
nor the terminal differentiation of melanocytes and MSC homing
in their niche.October 25, 2012 ª2012 The Authors 775
Figure 2. Impaired MSC Self-Maintenance
in Raf Knockout Mice
(A) Absence of B-Raf and C-Raf leads to
progressive hair graying. The coat color of mutant
and control littermate mice was compared at
different times of successive hair cycles.
(B) Left: depilation accelerates hair graying in
mutant mice. Two-month-old mutant and control
Dct::LacZ mice were depilated seven times within
a period of 6 months on the left part of the back.
Right: representative pictures of X-gal staining on
histological sections of skin from depilated and
nondepilated areas after 6 depilations.
See also Figure S5.To ensure that the absence of phenotype was not due to
partial recombination of floxed raf alleles, B-raf f/f;C-raf f/f;Tyr::
Cre/ mice were crossed to the Z/EG transgenic reporter line
that expresses green fluorescent protein (GFP) upon Cre-
mediated excision (Novak et al., 2000). Genotyping of fluores-
cence-activated cell sorting (FACS)-sorted GFP-positive cells
showed a complete loss of floxed alleles (Figure S1C). The
absence of phenotype could be explained either by a compen-
sation by A-Raf or by the nonrequirement of ERK signaling.
Therefore, we evaluated the level of ERK activation during mela-
nocyte development. While ERK activating phosphorylation
was detected in a significant proportion (>30%, at E15.5) of
skin keratinocytes, no ERK phosphorylation could be detected
in the melanoblasts in both wild-type and knockout embryos
(Figure 1C). The absence of ERK phosphorylation was also
observed in differentiating melanocytes in the regenerating
hair follicle bulbs (Figure S3). These results indicated that the
ERK pathway was not activated at these stages, explaining
the absence of phenotype upon raf gene ablation. We also
confirmed that melanocyte development does not depend on
active Raf/ERK pathway in an alternative in vivo vertebrate
model (Figure S4). Melanocyte development in Xenopus laevis
embryos was blocked by LY294002 showing that the PI3K/776 Cell Reports 2, 774–780, October 25, 2012 ª2012 The AuthorsAKT pathway, a key signaling com-
ponent downstream of Kit, is required
for melanocyte development in vivo. In
contrast, the MEK inhibitor CI-1040 did
not affect melanocyte proliferation and
migration in treated embryos. Taken
together, these results indicate that the
absence of phenotype in B-Raf/C-Raf
double-knockout mice was not due to
A-Raf compensation and support the
notion of Raf/ERK-independent melano-
blast development in vertebrates.
Raf Signaling Is Required for MSC
Self-Maintenance
After the first hair molting, Raf knockout
mice but not control animals exhibited
hair graying, which became obvious
from 4 to 5 weeks of age and increased
with time (Figure 2A). This phenotypeoccurred with 100% penetrance in both Dct::LacZ and Z/EG
crosses and was due to the progressive replacement of black
hair by fully depigmented white hair (Figure S5A). Accordingly,
hair shaft melanin content was markedly reduced in knockout
animals (Figure S5B). Single B-raf or C-raf knockout mice, or
animals retaining only one out of four raf alleles, did not show
such hair-graying phenotype (Figure S5D), indicating redundant
functions for Raf proteins in this process. Hair graying was previ-
ously demonstrated to be caused by defective MSC self-mainte-
nance in the bulge (Nishimura et al., 2005). Therefore, we
analyzed the MSC content in the bulge of 1-year-old Dct::LacZ
knockout mice. A large proportion of hair follicles in mutant
animals were depleted of MSCs, whereas those of controls still
contained MSCs (Figure S5C). Accelerating hair cycles and
forcing melanocyte renewal by repeated depilation strongly
increased hair graying in knockout animals (Figure 2B). In control
skins, a large proportion of hair follicles from both the depilated
and nondepilated areas contained MSCs. In contrast, MSCs
were absent in almost all the hair follicles of the depilated area
in mutant mice, but a few were still detectable in a small pro-
portion of hair follicles from the nondepilated area. Therefore,
depilation exacerbates the hair-graying phenotype and acceler-
ates MSC depletion.
Figure 3. Absence of B-Raf and C-Raf
Induces MSC Cell-Cycle Entry Defects
(A) Absence of B-Raf and C-Raf does not impair
MSC homing in the bulge. Direct fluorescence of
GFP-positive cells was examined in frozen skin
sections from mutant and control Z/EG mice at
P24. Scale bars, 50 mm. Quantification of the
number of GFP+ cells per bulge per section is
shown on the right (1,239 cells from two control [C]
and 1,521 cells from two mutant [M] mice were
counted). NS, not significant.
(B) Mutant and control Z/EG mice were injected
with BrdU from P21 to P28. At P28, skin sec-
tions were labeled with anti-BrdU and anti-GFP
antibodies. Double GFP/BrdU-positive MSCs are
indicated with white arrowheads. Scale bars,
25 mm.
(C) Quantification of BrdU+/GFP+ MSCs. Per-
centages were obtained from counting 456 GFP+
MSCs from three control and 196 GFP+ MSCs
from two mutant mice (*0.01 < p < 0.05, Student’s
test).To further characterize the defect responsible for hair graying,
we used the B-raf f/f;C-raf f/f;Tyr::Cre/;Z/EG knockout mice.
Quantification of GFP-positive cells in the bulge of hair follicles
following first telogen at P24 indicated that MSC depletion in
knockout animals was not due to an initial lower number of
MSCs (Figure 3A), confirming that B-Raf and C-Raf were not
required for MSC homing in the bulge. However, BrdU incorpo-
ration experiments revealed a significant decrease of MSCs
entering S phase during early anagen in mutant animals (Figures
3B and 3C). Taken together, these results suggest that Raf
signaling regulates MSC self-maintenance in the bulge by
controlling MSC cell-cycle entry.
Differential Requirement for Raf Signaling
in Proliferative Responses In Vitro
Our data indicated that Raf signaling controls cell-cycle entry of
MSCs within the bulge but not melanoblast proliferation duringCell Reports 2, 774–780,embryonic and postnatal development,
suggesting that the differential re-
quirement of Raf/ERK signaling for mela-
nocytic cell-cycle progression depends
on the microenvironment. We investi-
gated the ability of either wild-type or
Raf-knockout melanocytic cell cultures
to proliferate under different conditions.
We first assessed Raf/ERK requirement
downstream of 12-O-tetradecanoyl-
phorbol-13-acetate (TPA), a well-known
mitogen in the melanocytic lineage and
a potent inducer of Raf/ERK signaling
(Busca` et al., 2000). Colonies of melano-
cytic cells rapidly developed in primary
cultures of skin cells from controls, but
not in cultures from knockout animals
(Figure 4A) because knockout cells were
deficient in their ability to enter S phase(Figure 4B). Accordingly, we could establish cultures from
controls (Figure 4C) but not from knockout animals (data not
shown) following cell culture passages in the presence of TPA.
These results indicated that, as observed for MSCs in vivo, Raf
signaling was also required for melanocytic cell-cycle progres-
sion in vitro, under specific conditions.
Whereas the presence of MSCs in the bulge is independent
of Kit signaling, melanoblasts migration and emergence of
differentiated melanocytes in the hair require Kit (Nishimura
et al., 2002). Although Kit is known to activate the ERK
pathway, our in vivo results suggested that Raf kinases were
not essential downstream of Kit in the melanocytic lineage.
To test this hypothesis in vitro, we used melanocyte cultures
established from wild-type animals. SCF alone was not suffi-
cient to induce cell proliferation, but could sustain melanocyte
cell survival (Figure 4C). Under these conditions, MEK inhibition
with U0126 had no effect on cell survival, whereas PI3KOctober 25, 2012 ª2012 The Authors 777
Figure 4. Raf/ERK Pathway Requirement for Melanocyte Prolifera-
tion Is Context Dependent
(A) Melanocytes from the skin of mutant and control Dct::LacZ animals at P4
were cultured in presence of TPA. Bright-field microscopy pictures were taken
at day 27 of culture. Growth curve analysis was obtained by counting from day
4 the LacZ+ pigmented cells at different time points during 32 days. Data are
representative of five independent experiments. Scale bars, 200 mm.
(B) BrdU incorporation of mutant and control cultures at day 4. Left panels
represent phase-contrast microscopy images merged with immunofluores-
cence images of BrdU+ cells (red nuclei). Quantification is shown on the right.
C, control (n = 5); M, mutant (n = 7). (***p < 0.001, Student’s test).
(C) Growth curve analyses of melanocyte cultures established from wild-type
mouse skin by spontaneous immortalization, seeded in the presence of either
778 Cell Reports 2, 774–780, October 25, 2012 ª2012 The Authorsinhibition induced cell death. In contrast, TPA-induced cell
proliferation was markedly inhibited by the MEK inhibitor (Fig-
ure 4C), in agreement with the inability of Raf knockout cells
to grow in the presence of TPA. These results indicate that
Raf/ERK signaling is not involved downstream of Kit for mela-
nocyte survival in vitro and suggest that, in vivo, the differential
requirement of B-Raf and C-Raf for MSC cell-cycle entry but
not for melanoblast proliferation could be directly linked to
distinct microenvironmental cues.
DISCUSSION
We have shown that ablation of B-Raf and C-Raf kinases in the
melanocyte lineage had no effect on the development of skin
and hair follicle pigmentation during the first 3 weeks of life. In
addition, ERK was not found activated in mutant or control
melanoblasts, indicating that the lack of phenotype was not
due to compensation by A-Raf. Accordingly, inhibition of the
Raf downstream effector MEK in Xenopus embryos did not alter
melanocyte development. In contrast, double-knockout mice
developed a marked hair-graying phenotype during the suc-
cessive hair cycles following the first hair molting, thereby
demonstrating a key function for B-Raf and C-Raf in the
self-maintenance of MSCs in their niche. While melanoblasts
require Kit signaling for migration, survival, and differentiation,
the self-maintenance of MSCs in the bulge is independent of it.
These observations led us to propose a model implying an
uncoupling between SCF/Kit and Raf/ERK signaling in the
melanocyte lineage.
SCF plays a key role among the various factors that re-
gulate embryonic and postnatal development of the melano-
cyte lineage (Hirobe, 2005; Mackenzie et al., 1997). Mitf acts
as a master gene in the regulation of these processes and is
considered as a critical nuclear target of the SCF/Kit-induced
signaling pathways. In vitro studies have suggested functional
links between both Kit and Mitf proteins and the Raf/ERK
pathway. SCF induces ERK activation in a variety of cell types
including melanocytes (Lennartsson et al., 2005) and Mitf
activity can be regulated by ERK-mediated phosphorylation in
response to Kit stimulation (Wu et al., 2000). However, no
studies were conducted thus far to demonstrate the physiolog-
ical relevance of a linear SCF/Kit/Raf/ERK/Mitf cascade in vivo.
Our results show that Raf proteins are dispensable downstream
of Kit and upstream of Mitf for melanoblast development and
differentiation. Accordingly, ERK was not found activated in
these cells in vivo and SCF-induced survival of melanocyte
cultures was not affected by MEK inhibition. These results indi-
cate that the Raf/ERK pathway does not represent a critical link
between Kit and Mitf in melanoblasts and melanocytes in vivo.
In support of this, genetic studies demonstrated that mutant
Mitf proteins that could not be phosphorylated by ERK were
able to rescue the coat-color phenotype of loss-of-functionTPA or SCF and treated with U0126, LY294002, or DMSO for 7 days. Data are
representative of three independent experiments.
(D) Western blotting analysis of ERK1/2 and AKT phosphorylation in pro-
tein extracts from the cultures in (C) showing efficiency of U0126 and
LY294002.
Mitf mutations (Bauer et al., 2009; Bismuth et al., 2008). Taken
together, these results show that the Raf/ERK pathway is
dispensable for Kit-induced Mitf regulation during development
of the melanocyte lineage in vertebrates, raising the question of
the role of other Kit-induced intracellular signaling pathways. A
possible candidate is the PI3K/AKT pathway, which was
demonstrated to be essential for the survival response induced
by SCF (Blume-Jensen et al., 1998; Lennartsson et al., 2005).
We found that in contrast to the lack of effect of MEK inhibition,
PI3K inhibition strongly altered melanocyte development in
Xenopus embryos and survival of mouse melanocytes cultured
in the presence of SCF. SCF/Kit signaling is not the only
pathway regulating melanocyte development. b-catenin abla-
tion in the melanocyte lineage also resulted in a white coat-
color phenotype and Mitf downregulation (Luciani et al.,
2011). Therefore, besides the Raf/ERK-independent prosurvival
SCF/Kit signaling, the Wnt/b-catenin pathway provides an
important mitogenic signaling to ensure melanoblast proper
proliferation.
Our data reveal the essential role of B-Raf and C-Raf in self-
maintenance of MSCs in their niche. Results from single B-raf
and C-raf knockouts indicate that the two Raf proteins are func-
tionally redundant in this process since they can compensate
for each other. Moreover, animals retaining only one out of
four raf alleles did not exhibit hair graying. These results show
that only moderate levels of Raf protein expression from a single
copy of either B-raf or C-raf are sufficient to ensure MSC
self-renewal and that B-Raf/C-Raf heterodimerization is not
required. This represents an in vivo demonstration of the direct
involvement of Raf proteins in stemness. Several studies have
reported hair-graying phenotypes in mouse bearing mutations
in components of the Notch pathway (Aubin-Houzelstein
et al., 2008; Kumano et al., 2008; Moriyama et al., 2006; Schou-
wey et al., 2007). These studies clearly demonstrated the impli-
cation of Notch signaling in the maintenance of stem cells in the
bulge, and suggested a role of protection against apoptosis
(Moriyama et al., 2006). Transforming growth factor-b type II
receptor ablation in the melanocyte lineage also resulted in
mild hair graying caused by incomplete maintenance of MSC
immaturity and quiescence, characterized by the appearance
of prematurely differentiated cells within the bulge (Nishimura
et al., 2010; Tanimura et al., 2011). The hair-graying phenotype
observed in the double Raf knockout proceeds from a different
mechanism. In contrast to most of the previously reported hair-
graying mutants, the Raf double knockout only affects MSCs
but has no effect on melanocyte lineage development. In
addition, the progressive depletion of MSCs in the bulge was
not associated with the presence of prematurely differentiated
cells. However, in agreement with the well-known implication
of the Raf/ERK pathway in cell-cycle regulation, S phase entry
of MSCs was affected in Raf knockout mice. It is therefore
tempting to speculate that Raf signaling directly controls asym-
metric division of MSCs during the anagen. In conclusion, the
present study demonstrates that Raf signaling is required for
proper MSC maintenance, but dispensable for early melano-
cyte lineage development, and reveals an unexpected un-
coupling of Kit and Raf signaling during development of this
lineage.CEXPERIMENTAL PROCEDURES
Mice
DoubleB-raf f/f;C-raf f/f conditional knockoutmice, obtained by crossingB-raf f/f
(Chen et al., 2006) and C-raf f/f (Jesenberger et al., 2001) mice, were then
crossed to the Tyr::Cre transgenic mice (Delmas et al., 2003) and to either
the Dct::LacZ mice (Mackenzie et al., 1997) or the Z/EG mice (Novak et al.,
2000). The resulting B-raf f/f;C-raf f/f;Tyr::Cre/;Dct::LacZ/ or B-raf f/f;C-raf f/f;
Tyr::Cre/;Z/EG/ mice were thereafter named mutant animals. As the
Tyr::Cre transgene is located on the X chromosome, only males were
analyzed. All analyses using Dct::LacZ reporter were conducted by comparing
B-raf f/f;C-raf f/f;Tyr::Cre/;Dct::LacZ/ mutant animals to their B-raf f/f;C-raf f/f;
Dct::LacZ/ control littermates. In analyses using the Z/EG reporter transgene,
B-raf f/f;C-raf f/f;Tyr::Cre/;Z/EG/ mice were compared to B-raf +/+;C-raf+/+;
Tyr::Cre/;Z/EG/ mice.
Dct::LacZ, Tyr::Cre and Z/EG strains were initially on a C57Bl/6 background
whereas the B-raf f/f;C-raf f/f mice were on a 129/Sv background. During the
successive generations only the animals with a black fur were used for anal-
yses and colony maintenance. Same results were obtained with black and
agouti fur mice regarding the observed phenotype.
Genotyping procedures and results are described in the Extended
Experimental Procedures.
For depilation experiments on anesthetized mice, the fur from the left part of
the back was removed with a mix of beeswax and gum rosin (50:50 w/w)
(Sigma).
BrdU labeling was performed by subcutaneous injection (10 mg/g body
weight) twice daily during 7 days, starting at P21. At P28, dorsal skin was fixed
in 4% formaldehyde for 1 hr at 4C and paraffin embedded.
Animal care and use were approved by the ethics committee of the Curie
Institute in compliance with the institutional guidelines. Experimental proce-
dures were conducted in accordance with recommendations of the European
Union (86/609/EEC) and the French National Committee (87/848).
Histological Analysis and Immunostaining
For X-gal staining, dorsal skin was fixed in 4% paraformaldehyde and
embedded in medium for frozen sections (TissuOCT, LaboNord). Slides
were routinely stained with eosin and hematoxylin. X-gal staining was per-
formed on 8 mm cryosections as described in the Extended Experimental
Procedures.
Immunostaining was performed on 6 mm paraffin-embedded sections
from skin or E15.5 embryos fixed in 4% paraformaldehyde. Deparaffined
and rehydrated sections were boiled in 10 mM sodium citrate, treated with
blocking solution (10% goat serum in PBS/0.1% Tween-20), and incubated
with primary antibody: mouse anti-BrdU (1:200; BD Biosciences), chicken
anti-GFP (1:300; Abcam), and rabbit anti-phospho-ERK (1:100; Cell Signaling).
Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen) was used as secondary
antibodies.
Melanocyte Culture and BrdU Labeling
Primary melanocyte cultures were obtained as previously described with
modifications (Extended Experimental Procedures). Cells were cultured in
HAM F12 Medium containing 10% FCS and 200 nM TPA (Sigma). Bright-field
and phase-contrast microscopywas used to identify melanocytes from culture
day 4 by the presence of melanin granules and typical dendritic cell
morphology. LacZ-expressing cells were detected by X-gal staining: the
cultures were fixed in 2% (v/v) formaldehyde, 0.2% (w/v) glutaraldehyde and
incubated in X-gal staining solution as described in Extended Experimental
Procedures. The number of melanocytes was estimated by counting four
different fields for each genotype after X-gal staining.
BrdU 10 mM (Sigma) was added to the medium at day 4 and incorporated for
10 hr. Cells were then fixed in 4% formaldehyde, incubated in blocking solution
(0.1% Triton X-100, 10% FCS in PBS) and stained (1/500 anti-BrdU antibody
(Sigma), 0.5 mg/ml DNase I). Donkey anti-mouse Alexa Fluor 594 (Invitrogen)
was used for detection.
Immortalized cultures were obtained as described above except that
contaminating fibroblasts were eliminated by repeated treatment with
25 mg/ml of G418. Cultures were spontaneously immortalized through serialell Reports 2, 774–780, October 25, 2012 ª2012 The Authors 779
passaging. Cells were then stimulated with either 200 nM TPA or 50 ng/ml SCF
(R&D systems) and treated with 10 mM of U0126 or LY294002 (Sigma) for
7 days. Two wells per condition were counted at different days of treatment.
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